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Abstract
CCAAT/enhancer‑binding proteins (C/EBPs) are transcriptional regulators implicated 

in cell proliferation, differentiation, survival, and tumorigenesis. Their biological activities 
require interactions with several protein partners. This report presents insights from in 
silico analysis aimed at identifying phosphorylation‑dependent protein recognition motifs 
in C/EBPs. (1) All C/EBP variants contain intrinsically disordered Ser/Thr‑ and Pro‑rich 
segments with potential docking sites for WW and Polo‑box domains of prolyl isomerase 
Pin1 and Polo‑like kinases (Plks), respectively. (2) Consensus phosphorylation sequences 
for Plks are located in a highly conserved region of transactivation domains, suggesting 
that Plks might modulate transcriptional activities of C/EBPs in a cell cycle‑dependent 
manner. (3) Phosphorylation at these positions, as well as at conserved Ser in the extended 
basic region, would create phosphoserine‑containing motifs (pSXXF/Y/I/L), which could 
be recognized by BRCT repeats containing proteins such as the PAX‑transactivation‑dom
ain‑interacting protein (PTIP), and the breast cancer‑associated protein (BRCA1). Proteins 
containing BRCT domains serve as scaffolds, mediating protein‑protein interactions and 
formation of functional multiprotein complexes involved in DNA repair and cell cycle 
control. These findings add a new perspective to studies aimed at elucidation of molecular 
mechanisms underlying the diverse functions of C/EBPs.

Introduction
C/EBP proteins (C/EBPa, b, d, e and g) bind as dimers to a common DNA sequence 

motif and perform related functions in regulation of numerous cellular responses (reviewed 
in ref. 1). They cooperate with each other and with other transcription factors in regu-
lating cell growth and differentiation. Depending on the cell type, C/EBPs are capable of 
inducing either cell proliferation or cell‑cycle arrest (reviewed in refs. 2 and 3). C/EBPa 
plays a critical role in maturation of adipocytes, granulocytes, and macrophages, induces 
mitotic arrest during terminal cell differentiation, and can act as a tumor suppressor in 
some cells. C/EBPa has been implicated as a component of the p53‑regulated growth 
arrest response to DNA damage in epidermal keratinocytes,4 whereas in prostate cancer 
cells it interferes with the repair of DNA double‑strand breaks (DSB) in response to 
ionizing radiation (IR).5 In some tissue types C/EBPa regulates cell growth thorough 
protein‑protein interactions independently of its transcriptional activity. C/EBPb plays a 
critical role in proliferation and survival of certain kinds of tumor cells transformed with 
the H‑RasV12 oncogene or downstream effectors such as Raf,6 and was recently implicated 
as an essential component of RasV12‑induced senescence in mouse embryo fibroblasts.7

The molecular mechanisms of controlling the biological functions of C/EBPs remain 
poorly understood. No comprehensive searches for interacting proteins have been reported 
for C/EBP family members other than C/EBPe, and the patterns of posttranslational 
modifications are only beginning to be elucidated. C/EBPs are components of multiple 
cellular pathways and interact with multiple protein partners. This suggests that their 
activities are regulated in part by transient, phospho‑dependent intermolecular interac-
tions. In this study, primary structure analysis and data mining were used to identify sites 
in C/EBPs amenable to phosphorylation, whose modification might regulate their activity 
either directly or via modulation of interactions with partner proteins. This analysis showed 
that C/EBPs are natively unstructured proteins able to change conformation upon binding 
to molecular partners, and revealed several phosphorylation‑dependent protein‑protein 
interaction motifs. The pattern of phosphoacceptors in the regulatory regions suggests 
that C/EBPs may be subjected to an additional, posttranslational level of control by Pin1. 
Strikingly, serine‑containing motifs in conserved regions would conform to recognition 
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sites for the BRCT‑repeats containing 
adapter proteins, when phosphorylated.

C/EBPs are Mostly Disordered 
Proteins With Regions That Fold 
Upon Ligand Binding

C/EBPs are modular proteins consisting 
of a highly conserved C‑terminal basic 
region‑leucine zipper (bZIP) domain 
required for DNA binding, an N‑terminal 
tripartite transactivation domain (TAD), 
and central regulatory regions (Fig. 1). 
The N‑terminal parts of C/EBPs exhibit 
little overall sequence homology, except 
for two segments termed homology  
box I and homology box II, embedded in 
the common acidic TADs8 (Fig. 1A).

Amino acid sequence features of  
C/EBPs (Table 1), in particular, the low 
sequence complexity and the high number 
of polar versus hydrophobic residues, 
imply that these proteins are intrinsi-
cally disordered. Analysis of primary 
structures using several protein disorder 
predictors9‑13 revealed the presence of 
long, structurally flexible segments in all  
C/EBP proteins, and showed that only the 
N‑terminal part of C/EBPb has potential 
to fold into a globular domain. The high 
content of solvent‑exposed residues in 
C/EBPs indicates that their native, monomeric forms exist mainly 
as assemblies of extended random coils with limited possibility to 
form intra‑molecular interactions under physiological conditions. In 
comparison with other family members, C/EBPb shows the highest 
propensity to form hydrophobic clusters within its N‑terminal 
region. The charge‑hydropathy plot12 indicates the folded structure 
for this region, whereas other sequence attributes point to intrinsic 

disorder (Table 1). It was proposed that such polypeptides may form 
molten globule‑like structures.14 On the other hand, several regions 
of C/EBP proteins adopt helical conformation upon binding to the 
molecular partners. C/EBP monomers readily dimerize thorough 
leucine zipper motifs, forming coiled‑coil structures. Also, the helical 
fold of the basic regions is induced by binding to the cognate DNA 
duplex,15 and the C‑terminal sequences following the bZIP domains 

Figure 1. Schematic representation of domain organization of C/EBP family of transcription factors. The 
murine sequence alignments show: (A) regions comprising homology boxes I and II (note the homology to 
the region from TAD of p53); (B) parts of S/T/P‑rich region; (C) basic regions. Evolutionarily conserved 
residues are colored (negatively charged in red, polar in blue, and hydrophobic in green). Residues 
predicted to be partially buried (Predict Protein server11) are shaded. Note that S/T/P‑rich regions are 
entirely solvent‑exposed. Putative phospho‑dependent protein recognition motifs discussed in the text are 
underlined. Ser/Thr residues known to be phosphorylated are highlighted in magenta. Residues that form 
the KIM motif are marked by asterisks.

Table 1.	 Predictions of disordered regions in C/EBP proteins

Murine C/EBP 	L oops/Coil 	L ow Complexity	L inker Regions 	NORS pb,h	 Potential Globular 	D omains Identified 	S olvent Exposed 

Members	D efinitiona,f	 Regionsb,g	 Predicted by Prelinkc		D  omainsd	 by SMARTe	R esiduesb,k			

C/EBPa 	 1‑75 	 28‑54 	 16‑53 	 95‑164 	 none	 bZIP: 	 221 (146) 
358 residues	 92‑164	 90‑135	 177‑242	 208‑288		  281‑345	  
	 175‑202 	 180‑201					      
	 208‑286	 217‑255					   
C/EBPb	 1‑155	 37‑53	 43‑52	 109‑224	 3‑91i	 bZIP:	 207 (124)	  
296 residues	 165‑212	 68‑87	 118‑142		  1‑166j	 220‑284	  
	 286‑297	 113‑135	 170‑216				     
		  169‑216					   
C/EBPd 	 1‑60 	 32‑46 	 148‑191	 1‑136	 none	 bZIP: 	 178 (115) 
268 residues	 88‑136	 91‑104				    189‑253	  
	 151‑200 	 150‑170					      
	 251‑268	 250‑262					   
C/EBPe 	 1‑36 	 165‑190	 65‑74 	 69‑141	 none	 bZIP: 	 194 (119) 
281 residues	 58‑202		  170‑198			   202‑266

aDisEMBL;9 bPredictProtein;11 cPreLink;13 dGlobPlot;10 eSimple Modular Architecture Research Tool;72 fsegments of disordered residues based on two state model (Russell/Linding definition); gPredicted by SEG;73 hLong 
regions without regular secondary structure;74 iKyle/Doolittle definition; jRussell/Linding definition; kGLOBE, predicted number of exposed residues is compared to number, given in paranthesis, of exposed residues 
expected for globular protein of the same size



C/EBPs–BRCT Domain Interactions

fold upon binding to c‑Myb.16 Homology box II comprises the 
L/FXXLF motif and corresponds to a “signature helix” found in 
TADs of many transcriptional activators, including p5317 (Fig. 1A).

Intrinsically unstructured proteins (or proteins with disordered 
regions) are very common in eukaryotic cells and are prevalent among 
proteins involved in cell signaling, and DNA/RNA recognition.18,19 
The intrinsic structural flexibility allows for binding to multiple 
partners via specific, but low affinity, readily reversible interactions 
and facilitates dynamic changes in conformation upon complexing 
different partners. Accordingly, TAD domains of C/EBPs are known 
to interact with several coregulators, including CBP/p300,8,20 and 
with RB protein.21 The nuclear transport domain overlaps with 
the DNA recognition helix,22 whereas the leucine zipper facilitates  
formation of homo‑ and heterodimers within the C/EBP family 
and bZIP transcription factors from different subfamilies. It is note-
worthy that the basic region (Fig. 1C) closely resembles the MAP 
kinase interaction motif (KIM), implying more possibilities to utilize 
this region. The consensus sequence of KIM, (R/K)2‑3X1‑6YA‑X 
YB, where X denotes any, and Y denotes a hydrophobic residue), 
has been recognized in the MAPKs‑activating kinases, phosphatases, 
and substrates.23 The propensity for conformational transition from 
unordered to partially ordered structures suggests that C/EBPs are 
particularly adaptable for phosphorylation/dephosphorylation‑de-
pendent regulation and function by binding to multiple partners in 
multi‑protein assemblies. Proteins responsible for cellular regulation 
use specialized recognition modules for mediating intermolecular 
interactions. Examples of protein interaction domains include 
SH3 and EVH1, which bind to Pro‑rich sequences; SH2, FHA, 
MH2, 14‑3‑3, WD40 repeats, WW, Polo‑boxes and tandems of 
BRCT repeats, which recognize phosphorylated peptides (reviewed 
in ref. 24). These modules retain their unique fold, with exposed 
ligand‑binding surface, when incorporated into a larger polypep-
tide.

Potential Pin1 And Polo‑Box Domain Binding Sites  
In C/EBPs

 Unstructured regions are important for protein phosphorylation, 
and the majority of experimentally determined phosphorylation sites 
in eukaryotic proteins are located within segments with sequence 
features indicative of intrinsic disorder.25 The central regulatory 
regions of C/EBPs that are exposed to the environment are targets for 
extensive phosphorylation by a variety of kinases. Phosphorylation of 
C/EBPa occurs on Ser193, Thr222, Thr226 and Ser248,26 whereas 
C/EBPb is phosphorylated on Thr188, Ser184 and Thr179.27 
Phosphorylation of this region generates motifs that could be recog-
nized by the prolyl isomerase Pin1 (see Fig. 1B). Pin1 contains the 
catalytic domain, in addition to its phospho‑specific WW domain, 
and catalyzes cis‑trans isomerization of pS/pT‑P (pS denotes phos-
phorylated Ser) bonds.28 The WW domain binds to the same 
motif and mediates Pin1 interactions with its substrates; therefore, 
Pin1 requires repetitive pS/pT‑P motifs for binding and processive 
catalysis.24 Such multiple pS/pT‑P Pin1 binding sites were found 
in the regulatory regions of several proteins.29,30 Isomerization of 
the peptidyl‑prolyl bond induces conformational changes in target 
proteins. Several kinases (e.g., ERK2, CDK2) and the PP2A phos-
phatase are isomer‑specific; thus, Pin1 affects phosphorylation status, 
the stability of its substrates, and protein‑protein interactions. Pin1 is 
an important mitotic regulator and functions as an oncogenic catalyst 
(reviewed in ref. 31).

Recent studies indicated that biological activities of C/EBPa 
and ‑b depend on the phosphorylation status of their S/T‑P motifs. 
This suggests a possible role for Pin1 in an additional post-trans-
lational level of control on the C/EBP family. Phosphorylation 
/dephosphorylation at Ser193 serves as the critical switch of 
biological activities of C/EBPa. Phosphorylated C/EBPa is a 
strong inhibitor of cell proliferation in the liver and in myeloid 
tissues. Cyclin D3‑dependent specific phosphorylation at Ser193 by 
CDK4/CDK6 kinases stabilizes growth‑inhibitory C/EBPa‑CDK2 
(young liver) and C/EBPa‑Rb‑E2F4‑Brm complexes (old liver),26 
whereas removal of the phosphate accelerates cell proliferation via 
sequestration of Rb.32 Dephosphorylation of C/EBPa on Ser193 is 
mediated by the PP2A phosphatase that effectively dephosphorylates 
only the trans pS/pT‑P isomer.29 It is therefore possible that Pin1 
may be an important factor in the regulation of pro‑proliferative 
activities of C/EBPa in post‑surgery liver regeneration and, when 
deregulated, contributes to the development of liver tumors. Indeed, 
Pin1 has been found overexpressed in a large number of human 
cancers and in 50% of hepatocellular carcinomas.33,34 Activation of 
C/EBPb depends on the phosphorylation status of the same region. 
Modification of Thr188 by MAPKs and/or CDKs was proposed to 
induce exchange of a repressive mediator complex for an activating 
assembly,35 whereas subsequent phosphorylation on Ser184 and 
Thr179 by glycogen synthase kinase 3b (GSK3b) is necessary for 
acquiring DNA‑binding activity in the adipocyte differentiation 
program.27 Overall, these data underscore the importance of an 
additional post‑phosphorylation regulatory mechanism of C/EBPs’ 
activities.

Phosphorylation of C/EBPb Ser184 creates a putative interaction 
site with Plks. All Plks use the Polo‑box domain (PBD) to achieve 
proper localization in the vicinity of their substrates in a manner 
similar to Pin1, which uses its WW domain for the same purpose. 
PBD binds to phosphorylated Ser/Thr sites on substrates or separate 
docking proteins (ref. 36 and Refs. therein). The optimal phospho-
peptide motif recognized by PBDs is SpT/pSP/X, with a strong 
preference for Ser at the pS/pT (‑1) position and a modest prefer-
ence for Pro at (+1). Analyses of the crystal structures of PBDs with 
optimal peptides revealed that the presence of Thr or a b‑branched, 
nonpolar residue at (‑1) position in the docking site would result in 
steric clashes with enzyme residues; Ala at (‑1) could be incorpo-
rated into the complex, but with significant loss of the affinity of 
binding.37,38 There are indications that priming phosphorylation 
is not absolutely necessary when the substrate is present in high 
concentration.36

Inspection of C/EBP sequences shows several putative docking 
sites for PBDs located in nonconserved regions of the family 
members. C/EBPa has two evolutionarily conserved pairs of serine 
residues (S16S17 and S348S349) located at the N‑ and C‑termini, 
respectively. There are several possibilities for PBD docking within a 
S/TP rich region of C/EBPb, including the optimal S184SP site. In 
the analogous region of C/EBPd, a weak binding motif (G167SP), 
present in rat and mouse, is replaced by the preferred SSP sequence 
in the human homologue. There is only a weak potential conserved 
binding site—G73TP—in C/EBPe, but it is very close to F88AYP 
sequence, known as the docking motif for ERK, whereas the SSP 
motif is present only in the human homolog.

PBD is also an autoinhibitory domain, and substrate binding 
activates the enzymatic activity of Plks.37 Once bound and acti-
vated, Plks can phosphorylate specific sites on the docking protein 
(processive model), and/or other substrates present in the same 
location (distributive model).36 Theoretically, C/EBP variants may 
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share their docking sites for PBD by 
forming heterodimers. In this respect, 
it is worth noting that an SSP motif, 
conserved among specimens, is contained 
in the basic region of C/EBPg, a “short” 
C/EBP, devoid of TAD, that forms func-
tional heterodimers with all other family 
members.39

Homology Box I From C/EBP’s 
TAD Constitutes A Consensus 
Phosphorylation Sequence  
For PLK1

Vast accumulated evidence indicates 
that the interactions between transcrip-
tion factors and their coactivators are 
often regulated by phosphorylation of the 
participating proteins. Phosphorylation 
of TAD regions may modulate direct 
binding to protein ligands, as well as 
intramolecular interactions. It has been 
demonstrated that the region comprising 
homology boxes I and II is necessary for 
the direct binding of C/EBPs to CBP/
p300.20,40 Although the structural basis 
for this interaction is unknown, it is anticipated that phosphorylation 
of this region will alter stability of the complex.

Several transcription factors (e.g., c‑Jun, Elk‑1, LIN‑1, SAP‑1 
and MEF2A) have MAP kinase‑regulated TADs, which are preceded 
by a functional KIM sequence (reviewed in ref. 41). In C/EBPs, 
the pattern of evolutionarily conserved acidic residues located 
at positions (‑2) with respect to serines within homology box 
I provides preferred features for phosphorylation by Plk1 (Fig. 
1A). The consensus phosphorylation sequence for Plk1 has been 
identified as E/DXS/TY, where X denotes any, and Y denotes 
a hydrophobic residue, respectively.42 Thus, in addition to the 
conserved Ser65 (numbering for mouse C/EBPa), C/EBPa, d, 
and e each has a second putative phosphoacceptor site within this 
region (Fig. 1B). An acidic amino acid at the (+3) position further 
enhances specificity for Plk1;42 thus, Ser57 from C/EBPd should 
be phosphorylated with the highest efficiency (Fig. 1A). Ser64 of 
rat C/EBPb is phosphorylated by the cyclin‑dependent kinases 
CDK2 and Cdc2 in mid‑G1 cells and in cells arrested in the S or M 
phase.43 The expression of the Plk1 kinase begins in S phase and its  
enzymatic activity peaks during mitosis.44 It is therefore possible that 
all members of the C/EBP family are phosphorylated in this conserved 
region during specific stages of the cell cycle. These sites can be  
phosphorylated by different kinases (see Table 2), but involvement 
of Plks offers the possibility of regulation in a cell cycle‑dependent 
manner. Substrate specificity for other members of the Plk family has 
not been well characterized, but was predicted to be similar to Plk1.36 
Based on the homology with the p53 “signature” helix (Fig. 1A), 
which is phosphorylated on Ser20 by Plk3 and/or Chk2,45 Ser88 of 
C/EBPb and Ser55 of C/EBPe are potential phosphoacceptor sites for 
the same kinases. Interestingly, the GPS phospho‑predictor suite,46 
indicated this region of C/EBPb as corresponding much better to the 
specificity of the PKB (also known as AKT) family of kinases. In the 
case of the p53 tumor suppressor protein, phosphorylation of Ser20 
activates its transcriptional activities. Therefore, it would be of great 

interest to establish whether C/EBPb Ser88 undergoes modification 
and which kinase(s) is responsible. Of note, these serines are located 
in segments predicted to be partially buried (Fig. 1), and might 
potentially be modified following an initial, “activating” event, such 
as phosphorylation of C/EBPb Thr188 by ERK.27 Perhaps for this 
reason, the phosphorylation by cyclin‑dependent kinases of Ser65 in 
C/EBPb was observed in response to Ras signaling, and was delayed 
relative to the peak of CDK2 activity.43 Similarities and differences 
between C/EBP isoforms in the pattern of phosphoacceptors in 
these regions may be the reason why C/EBPs, which usually function 
as homodimers, occasionally form heteroduplexes to accomplish 
specific tasks.1

Phosphorylation Of Serines In Conserved Regions 
Generates Recognition Motifs For Brct Domains

Ser/Thr phosphorylation is a ubiquitous molecular mechanism 
for regulation of transient protein‑protein interactions involved in 
cellular signaling. Certain phosphoserines are specifically recognized 
by a tandem pair of BRCT repeats.24 BRCT domains are present 
in numerous proteins as multiple tandem repeats—(BRCT)2—of 
individual BRCT modules. BRCTs are versatile protein recogni-
tion modules that, besides binding to the protein targets containing 
phosphoserine, can mediate protein‑protein interactions by specific 
contacts with BRCT repeats from another protein, and/or with 
protein domains of different structures (e.g., a complex between 
(BRCT)2 of 53BP1 and p53 DNA‑binding domain). Proteomic 
screening showed that PTIP‑(BRCT)2 and BRCA1‑(BRCT)2 bind 
to a subset of kinase substrates with a strong preference for aromatic 
and aliphatic residues in the pSer (+3) position.47 The structural basis 
for this recognition was provided by crystal structures48‑50 of the 
BRCA1 tandem BRCT repeats bound to phosphorylated peptides 
containing pSXXF motifs. These studies identified a pSer‑binding 
pocket on the N‑terminal BRCT of the tandem, and a hydrophobic 

Table 2	 Kinases predicted to phosphorylate serines 	
	 in conserved regions of C/EBPs by GPSa

C/EBPa	C /EBPb		C  /EBPd		C  /EBPe 
Ser61				    Ser57		  Ser39 
GRK	 1.72 (1.7)			   PKR	 11.0 (5.90)	 CaM‑II	 2.62 (2.5) 
PLK	 1.93 (2.25)			   GRK	 2.51 (1.70)	 PLK	 2.07 (2.25) 
CK2 	 1.67 (2.8)			   CK2	 3.80 (2.80) 
				    PLK	 2.46 (2.25)
Ser65		  Ser64		  Ser62		  Ser43 
PLK	 1.61 (2.25)	 PLK	 1.75 (2.25)	 PLK	 2.25 (2.25)	 PLK	 1.54 (2.25) 
		  PKR	 10.00 (5.9) 
		  CDKs	 2.57 (2.5) 
		  P34CDC2	 1.91 (1.8)
		  Ser88				    Ser55 
		  PKB	 4.0 (3.2)			   PLK	 1.29 (2.25)
		  Chk1/Chk2	 9.0 (12.0)
Ser283		 Ser222		  Ser191		  Ser204 
MKKK	 9.00 (6.0)	 CK1	 2.49 (1.95)	 MKKK	 3.09 (3.0)	 MKKK	 14.0 (6.0) 
GRK	 1.91 (1.7)	 CK2	 3.55 (2.80)	 KIS	 9.6 (8.0)	 GRK	 1.85 (1.7) 
				    CDKs	 3.8 (2.5) 
				    DNA‑PK	 2.14 (2.1) 
				    Chk1/Chk2	 13.0 (12.0)

aGPS: Group‑based Phosphorylation Scoring Method.46 Score of accuracy is given following the name of group of kinases predicted to phosphorylate a 
particular site. Program suggested cut‑offs, corresponding to balanced pair of sensitivity and specificity, are shown in parenthesis.
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groove between the two BRCT repeats that recognizes the Phe. 
Analysis of peptide selections using an oriented peptide library  
indicated that BRCT domains from MDC1, 53BP1, TOPBP1, 
DNA Ligase IV, and Rad9p also display distinct, albeit less restrictive, 
sequence preferences toward phosphoserine‑containing peptides.51 
BRCT‑containing proteins act as adapters, bringing together proteins 
involved in cellular events regulating the cell cycle and/or responses to 
stress (reviewed in ref. 52). In addition to mediating protein‑protein 
interactions, these molecules perform a variety of cellular functions 
and generate networks of enormous complexity. For example, 
BRCA1 and P53B1 both display DNA‑binding activity, whereas the 
BRCA1‑BARD1 heterodimer forms a potent enzymatic complex 
exhibiting E3‑ubiquitin (E3‑Ub) ligase activity.53 The role of BRCA1 
binding partners has been extensively investigated. BRCA1 interacts 
with proteins that function in the checkpoins activation (e.g., 
p53, Rb, FancD2, BACH1, CtIP), DNA repair, and regulation of  
transcription (e.g., histone deacetylases, RNA Pol II, SWI/SNF, 
C‑myc, and Sp1). The N‑terminal RING finger domain is responsible 
for formation of the BRCA1‑BARD1 heteroduplex and interacts 
with BAP1 (BRCA1‑associated protein 1) and with E2F1. Central 
regions contain DNA‑binding domain. Through its target proteins, 
BRCA1 performs a variety of cellular functions in DNA repair and 
cell cycle regulation (reviewed in refs. 54 and 55).

Phosphorylation of conserved Ser65 in the C/EBP family, as well 
as Ser61 and Ser39 from C/EBPa and ‑e, respectively (Fig. 1A), 
would generate the pSXXI/L motifs, which could be recognized 
by a tandem of BRCT repeats from the C‑terminal of PTIP in 

a sequence‑dependent manner.47 C/EBPb and ‑e have putative 
phosphoserine epitopes, pSXXF, located within the homology  
box II, which can be recognized by PTIP and/or the BRCA1 
protein. In addition to phosphoserine‑dependent motifs within 
TADs, conserved in the C/EBP family sequence, SXEY, located in 
the extended basic regions (Fig. 1C), matches the primary binding 
determinants for MDC1‑(BRCT)2,51 if Ser is phosphorylated. 
However, MDC1‑(BRCT)2 has been found to date to interact solely 
with the phosphorylated H2AX (gH2AX) histone tail, and the 
reported results irrefutably indicated the importance of the H2AX 
C‑terminus for this association.56 Based on these considerations 
and on currently available data, the best candidate for the putative 
interaction with this site of C/EBPs is BRCA1 protein, which can 
also recognize the pSXXY sequence.47 Possible interactions of a Tyr 
with the hydrophobic pocket of BRCA1‑(BRCT)2 are depicted in 
(Fig. 2). In contrast to MDC1, BRCA1 has been reported to interact 
with a number of proteins through its BRCT domain, including 
phosphorylated BACH1,57 CtIP,50 and acetyl‑CoA carboxylase 
(ACCA).58 BRCA1 is a target for several kinases and it is anticipated 
that phosphorylation on different sites directs BRCA1 to act in 
different pathways. For example, BRCA1 binds to phosphorylated 
BACH1 in the S and M phase,57 and to phosphorylated CtIP in 
the G2 phase.50 BRCA1 undergoes phosphorylation during the late 
G1 and S stages and is transiently dephosphorylated early after the 
M phase. Thus, the window of opportunity when the two putative 
partners encounter each other determines the occurrence of a partic-
ular association. Although the amino acid sequence surrounding 
the phosphoacceptor may contribute to the binding affinity to the 
protein ligand, its primary importance may be to define the speci-
ficity of phosphorylating kinase(s). For that reason, care is required 
in applying the results from in vitro peptide selection studies to the 
situation in vivo.

What are the implications of these possible associations in regard 
to biological activities of the C/EBP family of transcription factors? 
C/EBPs respond to a variety of external stimuli to transactivate 
target genes, but can also act as repressors and perform functions 
distinct from their role in gene expression via protein‑protein 
interactions. Depending on the cellular context, they are capable of 
either promoting or inhibiting cell growth. These diverse activities of 
C/EBP proteins require transient interactions with numerous protein 
ligands specific for multiple tissues, cell types, or different nuclear 
compartments. This implies regulation of C/EBPs actions by adapter 
proteins. Several observations suggest that ubiquitously expressed 
PTIP and BRCA1 proteins could act in this capacity.

(1) PTIP is an essential factor in cell division and progression 
through mitosis,59 and was shown to bind to TADs of the Pax family 
proteins and colocalize in the cell nucleus to active chromatin.60 
PTIP inhibits the transactivation activities of Pax2A and Pax2B on 
the glucagon gene promoter,61 whereas its Xenopus laevis analog, 
SWIFT, binds to the Smad2‑Smad4 complex via its three C‑terminal 
BRCT repeats and acts as coactivator.62 Thus, localization of the 
PTIP binding motif in the TAD regions of C/EBPs suggest a possible 
role of PTIP as their transcriptional coregulator. Reported functional 
phosphorylation of Ser64 in C/EBP/b,43(Ser65 in C/EBPa) provides 
support for this hypothesis. Phosphorylation of Ser64 in C/EBPb 
is required for Ras‑induced focus formation and transformation of 
NIH 3T3 cells, and in this context, Ser64 modification seems to be 
critical for transcription of C/EBPb target genes. It was demonstrated 
that C/EBPb and ‑d physically interact with Smad3 and Smad4, and 
TGFb signaling through Smad3 inhibits trans‑activation functions 

Figure 2. A model of Tyr interactions with the (+3) hydrophobic binding 
pocket of BRCA1‑(BRCT)2. Hydroxyl group of Tyr at (+3) position in respect 
to pSer makes electrostatic interactions (dashed lines) with the main chain 
carbonyl and NH groups of BRCA1. Carbon atoms are gray and green for 
BRCA1 and NEY sequence (derived from C/EBPa) respectively. The model 
was built with INSIGHT II suite (Accelrys; 2005) using coordinates of the 
BRCA1‑(BRCT)2 bound to an optimized phosphopeptide;49 (PDB entry: 
1T2V).
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of C/EBPs in adipocyte differentiation. Furthermore, this associa-
tion was significantly stronger in vivo than in vitro, suggesting the 
participation of an adapter protein.63 It is thus tempting to speculate 
that PTIP may facilitate the incorporation of C/EBPb and ‑d into 
transcriptional complexes with the TGFb signaling‑activated Smads.

The connection between PTIP and C/EBPs actions comes also 
from the observation that C/EBPa expressing prostate cancer cell 
lines exhibit impaired ability to repair DSB after DNA damage. 
Upon irradiation, C/EBPa associates via its C‑terminus with 
Ku70/80 and PARP‑1 proteins, initiators of the nonhomologous 
end joining (NHEJ) pathway of DNA repair.5 Full length C/EBPa is 
necessary for this inhibitory effect, suggesting a complex mechanism. 
On the other hand, PTIP is thought to be an important factor in 
maintaining genome stability by binding to phosphorylated 53BP1 
in response to IR. Subsequently both proteins translocate to sites of 
DNA damage.64 Other study showed that 53BP1 plays a major role 
in NHEJ.65 Lower levels of PTIP make cells more sensitive to IR,64 
and this correlates with increased sensitivity to radiation of prostate 
cancer cells. It may be, therefore, worthwhile to check the status of 
PTIP gene mutations in those cells.

(2) BRCA1, which interacts with RNA Pol II holoenzyme, has 
also been implicated in the regulation of transcription by association 
with several sequence‑specific DNA‑binding transcription factors, as 
well as by binding to repressors like CtiP.54 For example, in response 
to MAPK signaling, BRCA1 strongly up‑regulates the expression 
of GADD45 by physical association with OCT‑1 and NF‑YA 
transcription factors which directly bind to the OCT‑1 and CAAT 
motifs within the GADD45 promoter.66 Interestingly, in human 
acute promyelocytic leukemia (APL) cells, all‑trans retinoic acid 
(ATRA) induced C/EBPb and OCT‑1 collaborate in up‑regulating 
the expression of PU.1, which is critical for myeloid differentiation. 
This mechanism underlies successful treatment with ATRA of APL 
where normal promyelocytic differentiation is blocked.67 Whether 
BRCA1 acts as a coactivator in this case remains to be established. 
C/EBP binding site was found in the vicinity of the E2F element 
within the DHFR promoter, raising a possibility that C/EBPb exerts 
its proliferative effects by cooperating with free E2F in activation 
of expression of the S‑phase genes by a not‑yet determined mecha-
nism.3 On the other hand, C/EBPb is a necessary component of 
Rb:E2F‑dependent, oncogenic Ras‑induced senescence.7 Again, this 
activity correlates with the possible role of BRCA1 in sustaining G1 
arrest, which can be achieved by BRCA1 binding to and stabilizing 
hypophosphorylated (i.e., complexed to E2F) Rb protein.55 Only 
C/EBPb and ‑e each has a putative site of interactions with BRCA1 
within their TADs.

(3) The possibility of creation the BRCA1‑(BRCT)2 binding motif 
via phosphorylation of conserved Ser283 located at the extended 
basic region (Fig. 1C) is very intriguing. As revealed by the crystal 
structure analysis, Tyr286 (Tyr285 in rat) plays an important role in 
maintaining C/EBPa‑DNA interface, and Y286A mutant protein 
exhibits a significant reduction in the binding affinity to the cognate 
DNA.68 Thus, temporal binding of pSXEY motif (if it occurs) to 
BRCT domain probably happens prior to C/EBPs acquiring the 
DNA‑binding ability. Currently, there is no information on how 
these factors find their DNA targets. It is, therefore, possible that 
BRCA1 plays a role in recruiting repressed/inactive forms of C/EBPs 
to specific nuclear compartments, e.g., promyelocytic leukemia 
(PML) bodies,69 where they can undergo posttranslational modifica-
tions and subsequently colocalize with their partners in the vicinity 
of chromatin. BRCA1 colocalizes with PML, DNA repair proteins, 

and displays binding affinity to several proteins known to interact 
with C/EBPs, including ETF1, p53, Rb and the SWI/SNF complex. 
Furthermore, accumulated evidence implies that BRCA1 always 
associates with BARD1 in vivo. Major biological functions of both 
proteins are mediated by the BRCA1/BARD1 heterodimer and 
depend on the E3‑Ub ligase activity of the complex. This enzymatic 
activity is abolished by cancer‑derived mutations within the RING 
domain of BRCA1 (Ref. 53 and Refs. therein). It is anticipated that 
BRCA1/BARD1 may specifically ubiquitylate proteins involved 
in transcription, cell cycle regulation and DNA repair. However, 
specific substrates have not been identified. Recently, Polanowska et 
al70 demonstrated that the activation of BRCA1‑dependent ubiqui-
tylation in response to DNA damage following IR is conserved in  
C. elegans, and Yu et al.71 showed that BRCA1 catalyzes ubiquitylation 
of CtIP in a manner that depends on phospho‑dependent interac-
tion between CtIP and BRCA1 BRCT domains. Ubiquitinated 
CtIP associates with chromatin. It would be interesting to know 
if C/EBPa that is involved in DNA damage response,4,5 and, may  
be, other C/EBP proteins are also targets for BRCA1‑dependent 
ubiquitylation.

Concluding Remarks
The in silico analyses presented here suggest novel ways by which 

the cellular functions of C/EBPs may be modulated. The predic-
tions of this study that C/EBPs are potential targets for BRCT 
repeats containing proteins must still be experimentally verified 
and further work is necessary to elucidate specific links of C/EBPs 
to their partners. One has to bear in mind that phosphoserine 
recognition function of BRCT‑repeats has been discovered only 
recently. Not all of the key players have been identified, and their 
sequence specificity and the full potential for scaffolding remain 
to be established. As noted by Deng,55 even in the case of the best 
studied BRCA1 protein, many questions remain unanswered, and 
several conclusions from the reported observations seem premature 
without further scrutiny. Despite enormous progress that has been 
made over the last decade in our understanding of control of cellular 
events, the organization of cellular networks in time and space has 
just begun to be revealed. Nonetheless, evolutionary conservation 
of Plk phosphorylation motifs, as well as resulting phosphoserine 
epitopes among C/EBP variants, appear not to be coincidental and 
offers for the first time a plausible explanation for the role of several 
evolutionarily conserved residues within the homology regions 
of C/EBPs. Importantly, exploring possibilities to form transient 
phospho‑dependent interactions via adapter proteins may facilitate 
further attempts to elucidate molecular events underlying the diverse 
functions of C/EBP transcription factors.
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